Since the discovery of magnetic skyrmions achieved one decade ago, there have been significant efforts to bring the virtual particles into fully functional devices, inspired by their fascinating physical and topological properties suitable for future low-power electronics. Here, we experimentally demonstrate one of such devices -skyrmion-based artificial synaptic device designed for neuromorphic computing. We present that controlled current-induced creation, motion, detection and deletion of skyrmions in ferrimagnetic multilayers can be harnessed to imitate the behaviors of biological synapses. Moreover, we demonstrate that such skyrmion-based synapses can be used to perform neuromorphic pattern-recognition computing using handwritten recognition data set, reaching to the accuracy of ~89%, comparable to the software-based training accuracy of ~93%. Our findings experimentally illustrate the basic concepts of skyrmion-based electronic devices while opening the door to topological magnetic texture-based neuromorphic computing.
Magnetic skyrmions are topologically nontrivial swirling spin textures that exhibit fascinating physical characteristics and have considerable potential as the basis for highly energy-efficient data storage, processing and transmission devices 1 . Skyrmions were first observed at ultralow temperatures in magnetic compounds such as MnSi 2, 3 and FeCoSi 4 , whose non-centrosymmetric B20 crystal structure gives rise to an anti-symmetric exchange interaction between neighboring spins, called Dzyaloshinskii-Moriya interaction (DMI) 5, 6 . It has also been found that skyrmions can exist at room temperature in sputtered thin films and multilayers such as Ta/CoFeB/TaOx 7 ,
Pt/CoFeB/MgO 8 , Ir/Co/Pt 9 and Pt/Co/MgO 10 , stabilized by interface-oriented DMI, perpendicular magnetic anisotropy (PMA), and stray fields. More recently, their electrical creation [11] [12] [13] [14] , motion 7, 8, 11, 15 , detection 16, 17 and deletion 14 have been separately demonstrated in various material platforms, suggesting that it might be possible to create a fully functional skyrmion-based electronic device that has remained elusive so far. Here, we present such electronic device for the first time, where skyrmions are written, driven, read and erased electrically on a single device at room temperature.
In particular, we demonstrate a skyrmion-based artificial synaptic device designed for neuromorphic computing and thus artificial neural network (ANN), which could be used in broader technology fields in the future. Neuromorphic computing, inspired by the human brain's biological nervous system, has recently attracted significant attention across diverse scientific and technology areas. Extremely low-power consumption is achievable in such system due to the massively paralleled nature operated by neurons (computing elements) and synapses (memory elements) 18 .
Since the analog memory capability is required for synaptic operations, several existing nonvolatile memory (NVM) technology have attempted to emulate the biological synapse including phase-change 19 and resistive 20 devices. Spintronics-based synaptic devices have also been suggested using magnetic domain walls 21 , where the displacement of domain walls could generate multi-resistance states across magnetic tunnel junctions (MTJs). However, the relatively large threshold current for domain wall motion and their stochastic pinning/depinning nature may limit the device performances. Unlikely, skyrmions show rigid-body and particle-like behaviors 22 , so that multiple nanoscale skyrmions can accumulate within a defined device area without interacting with topographic defects, exhibiting potential for analog storage devices as recently simulated in
Ref. [23] . In this work, we experimentally demonstrate that skyrmions can be used for neuromorphic computing by realizing such skyrmion-based artificial synapse.
[Pt (3 nm)/Gd24Fe66.6Co9.4 (9 nm)/MgO (1 nm)]20 ferrimagnetic multilayer stacks (Pt/GdFeCo/MgO hereafter) with PMA were studied with high-resolution scanning transmission X-ray microscopy (STXM) [see 24 for material and measurement details]. This asymmetric ferrimagnetic multilayer stack is known to have reasonably large DMI, |D| = 0.98 mJ/m 2 , where ~200 nm-size skyrmions can be stabilized at room temperature 15 . Moreover, electrical writing/deleting from natural sites 14 and efficient skyrmion motion with a reduced skyrmion Hall effect 15 have been individually observed in this ferrimagnetic stack in our previous studies, which are combined together to realize fully functional skyrmion devices in the present work. Figure 1A shows the experimental set-up used for the simultaneous resistance measurement and domain imaging. Two circuits for electrical pulse application and the device resistance measurement were alternately used. Magnetic domain images of the device were also recorded after each pulse application by probing the transmitted X-ray intensity at the Fe L3 absorption edge, where X-ray magnetic circular dichroism (XMCD) provides contrasts corresponds to the out-of-plane projection of the magnetization. A scanning electron microscopy (SEM) micrograph of the measured device is included in Fig. 1A respectively. Figure 2B demonstrates the experimentally measured electrical operation of a skyrmion synapse, where the corresponding magnetic configuration of each resistance state is also imaged by STXM as shown in Fig. 2C . After applying the initial saturating magnetic field of Bz = 160 mT, the field was reduced to Bz = 140 mT (image #1 in Fig. 2C ). Although this magnetic field still provides enough energy to keep the saturated magnetization, the reduced field opens a room for metastable state, where skyrmions could remain stable once they are generated due to the annihilation energy barrier 26 .
During potentiation, each image shown in Fig. 2C was acquired after injecting current pulses with the gradually increasing current-density amplitudes of 1.69 × 10 10 A m -2 < |ja| < 4.24 × 10 10 A m -2 and pulse duration of 100 ns, with the polarity as indicated in Fig. 2B inset. The applied unipolar pulses during both potentiation and depression were designed and optimized to generate/delete the controlled number of skyrmions using current-induced spin-orbit torques (SOTs) as investigated in our previous study 14 , assisted by current-induced joule heating that contributes to the reduction of skyrmion switching thresholds 27 . In Fig. 2B , it is first noticeable that the continuous pulse application systematically generates skyrmions and drives them into the active synapse area, leading to the accumulation of skyrmions and corresponding linear resistance decrease. The first few skyrmions are generated from local pinning sites where nucleation barrier is relatively low, while the majority of skyrmions are generated near the electrical contacts and move across Hall cross area as can be seen in Fig. 2C images #1-#8. Our experiment demonstrates a total of 24 different resistivity states during potentiation. It should be noted that the skyrmion propagation direction is along the current flow direction (against electron flow), and the observed directionality agrees with the behaviors of Néel-type skyrmions with left-handed chirality 8, 15 , proving the topological nature of this material. We have calculated the average resistivity decrease induced by each skyrmion addition over all acquired states during potentiation, |Δρxy,sk-p| = During depression, we simply reversed the polarity of gradually increasing pulses with the same amplitudes and durations (as indicated in Fig. 2B ) at a slightly increased background magnetic field Bz = 144 mT, so that reversed pulses could excite skyrmion texture, eventually leading to skyrmion annihilation medicated by topological defects without creating additional skyrmions 14 . Note that strong inter-skyrmion repulsive forces at highly skyrmion-populated states may also contribute to the annihilation upon SOT application, as local impurities in real materials may block their synchronous motion. We indeed observe that the application of serial reversed pulses systematically annihilates skyrmions (images #9-#16) and leads to the linear resistance increase (Fig. 2B) , generating 16 different states with an average resistivity change per skyrmion of |Δρxy,sk-d| = 8.9 ± 0.1 nΩ cm during depression, in agreement with |Δρxy,sk-p| measured for potentiation.
The number of skyrmions at each resistivity state is also plotted together in Fig. 2B . It is noteworthy that the measured resistivity change is slightly deviated from the corresponding skyrmion number variation especially at highly populated states, and as noted above, we believe Considering that the skyrmion diameter is a fixed value at a defined magnetic field in a defect-free material reflecting the equilibrium at given energetic contributions 26 , further material optimization could overcome the limitation and thus present complete linearity depending on the number of skyrmions. Nevertheless, the observed linear resistance variation clearly presents the key behavior of skyrmion-based artificial synapse: the current-induced analog synaptic weight modulation. We also demonstrate 'set' and 'reset' operations that are required for the programmable flexibility of an artificial synapse [see 24 for details].
With these measured characteristics of skyrmion-based artificial synapse, we simulated an ANN to perform the pattern recognition, where a multilayer perceptron algorithm is used to learn the Modified National Institute of Standards and Technology (MNIST) handwritten pattern data set 28 . Figure 3 presents a simulation platform and the result of pattern recognition accuracy. Figure   8 3A first depicts the neural network used for learning the MNIST data consisting of 3 layers: input neural layer of 784 neurons, hidden layer of 100 neurons and output layer of 10 neurons, and skyrmion synapses are used during trainings as schematically described in Fig. 3B [see 24 for neural network simulation details]. Figure 3C shows the simulated pattern recognition accuracy as a function of training iteration for skyrmion synapse-based ANN, and the result for softwarebased ANN is also plotted for comparison. Our simulation demonstrates that the ANN composed of skyrmion synapses can reach ~89% pattern recognition accuracy, which is comparable to the accuracy of ideal software-based training, ~93% (Fig. 3C) . Figure 3D presents the resistivity distributions translated from the synaptic weights before and after training operations. It is noteworthy that the non-ideal characteristics of demonstrated skyrmion synapses, e.g. small on/off ratio, limited number of resistance levels and cycle-to-cycle variations, may have limited the accuracy of ANN and caused stochastic behavior observed in Fig. 3C . However, the overall device performance of skyrmion synapses could further be optimized and enhanced, by adopting recent findings such as ~10 nm-size skyrmion at compensated ferrimagnets 29 or new electrical skyrmion-reading scheme using magnetic tunnel junctions (MTJs) 30 , which together would dramatically increase the scalability and electrical characteristics of skyrmion synapses.
Our results demonstrate a fully functional skyrmion-based electronic device -skyrmion- 
